ation of phasic motor axons on a crayfish tonic muscle: neuron Crayfish motor neurons have remarkable powers of regeneration, specifies synapses. J. Neurophysiol. 80: 994-997, 1998. Motor not only to their own muscle (Ely and Velez 1982) but when neurons are matched to their target muscles, often forming separate transplanted to a homologous muscle either in an adjacent segment phasic and tonic systems as in the abdomen of crayfish where they (Worden et al. 1988) or in another animal (Krause and Velez are used for rapid escape and slow postural movements, respec-1995). Allotransplantation of motor axons provided an opportunity tively. To assess the role of motor neuron and muscle fiber in for testing whether the neuron or target muscle specifies the nature forming synapses we attempted a mismatch experiment by allotranof regenerating synapses by transplanting a phasic nerve onto the splanting a phasic nerve attached to its ganglion to a denervated tonic superficial flexor muscle. To permit allotransplanted phasic tonic muscle. Regenerating motor axons sprouted 10-30 branches axons to innervate a tonic muscle, we began by first denervating (typical of phasic motor neurons, as tonic ones sprout far fewer the host superficial flexor muscle in the third abdominal segment branches) to reinnervate muscle fibers and form synapses that proof one side (Fig. 1 ). This is done by cutting the superificial flexor duced large excitatory postsynaptic potentials (typical of phasic nerve of the third root proximal to the medial edge of the muscle motor neurons, as tonic synapses give small potentials). Therefore field (Clement et al. 1983 ). The severed distal stumps of the tonic motor neurons, not muscle fibers, appear to specify one of the axons degenerate within 3 wk. The proximal stump is too short to major properties of regenerating neuromuscular synapses.
Krause, Kristin M., Joanne Pearce, and C. K. Govina. Regener-M E T H O D S ation of phasic motor axons on a crayfish tonic muscle: neuron Crayfish motor neurons have remarkable powers of regeneration, specifies synapses. J. Neurophysiol. 80: 994-997, 1998 . Motor not only to their own muscle (Ely and Velez 1982) but when neurons are matched to their target muscles, often forming separate transplanted to a homologous muscle either in an adjacent segment phasic and tonic systems as in the abdomen of crayfish where they (Worden et al. 1988) or in another animal (Krause and Velez are used for rapid escape and slow postural movements, respec -1995) . Allotransplantation of motor axons provided an opportunity tively. To assess the role of motor neuron and muscle fiber in for testing whether the neuron or target muscle specifies the nature forming synapses we attempted a mismatch experiment by allotranof regenerating synapses by transplanting a phasic nerve onto the splanting a phasic nerve attached to its ganglion to a denervated tonic superficial flexor muscle. To permit allotransplanted phasic tonic muscle. Regenerating motor axons sprouted 10-30 branches axons to innervate a tonic muscle, we began by first denervating (typical of phasic motor neurons, as tonic ones sprout far fewer the host superficial flexor muscle in the third abdominal segment branches) to reinnervate muscle fibers and form synapses that proof one side (Fig. 1 ). This is done by cutting the superificial flexor duced large excitatory postsynaptic potentials (typical of phasic nerve of the third root proximal to the medial edge of the muscle motor neurons, as tonic synapses give small potentials). Therefore field (Clement et al. 1983) . The severed distal stumps of the tonic motor neurons, not muscle fibers, appear to specify one of the axons degenerate within 3 wk. The proximal stump is too short to major properties of regenerating neuromuscular synapses.
reconnect to the superficial flexor muscle, and we did not observe regeneration of these severed tonic axons to the muscle. A day or two after the host tonic nerve is cut, the donor phasic nerve is
transplanted into this segment. The transplant consists of the third and fourth abdominal ganglion with the connecting ventral nerve
Precise patterns of neural connections arise during devel-cord and part of the third root from the third ganglion that carries opment via interactive mechanisms for both pathway and the motor axons to the phasic deep flexor muscles. The entire target selection and for the refinement and remodeling of transplant was introduced into the abdominal cavity through an synaptic terminals (Goodman and Shatz 1993) . Thus motor opening created by removing a swimmeret (Krause and Velez neurons find their correct target muscles with the use of 1995) . To guide the phasic nerve into position on the ventral face of the superificial flexor muscle, a human hair was pushed through molecular cues and form synaptic connections via inductive a pinprick opening in the ventral cuticle and out through the swiminteractions between the nerve and muscle (Hall and Sanes meret opening. Here it was attached to the phasic nerve with surgi-1993), generating highly characteristic neuromuscular syscal thread and, by gently pulling the hair from the cuticle side, the tems. Two separate and very divergent neuromuscular sys-nerve could be maneuvered into position near the denervated host tems, the phasic and tonic, occur in the crayfish abdomen muscle. where they bring about extension and flexion of the individRoutine electrophysiological techniques were used for recording ual segments (Kennedy and Takeda 1965a,b) . The phasic EPSPs from muscle fibers impaled with glass microelectrodes system, used only occasionally for escape, brings about while the regenerated nerve was stimulated with a suction electrode rapid, powerful tail flipping, whereas the tonic system is (Krause and Velez 1995) . Following these recordings the tissue was prepared for electron microscopy by techniques standard to used continuously for slow postural movements. The phasic our laboratory (Krause et al. 1996) . motor neurons fire in brief bursts, generating large excitatory postsynaptic potentials (EPSPs), which give rise to twitch contraction of the muscle fibers. In contrast tonic motor R E S U L T S neurons fire continuously, generating small EPSPs that result in gradual buildup of tension in the muscle fibers. Such
Regeneration of the transplanted nerve was examined after divergence in neuromuscular systems provides an opportu-8-10 wk and found to extend partway across the dorsal nity to probe the role of the neuron and its target muscle by muscle surface, in the path of the original nerve but much wiring them in a mismatched manner, e.g., phasic neurons larger (Fig. 1) . We used electron microscopy to determine to tonic muscle. We were able to make precisely this mis-whether the regenerating nerve was phasic or tonic. Cross match in adult crayfish Procambarus clarkii and find that sections of the regenerated nerve provided striking evidence the regenerated neuromuscular connections generate large for sprouting in a phasic nerve. The nerve has between five EPSPs with single impulses. Because initially large EPSPs and six complex axons ( Fig. 2A) , each defined by a thin are typical of phasic axons, our results suggest that this lamellated glial sheath within which there is usually a single large axon profile and numerous smaller profiles. This is in property of synapses is governed by the motor neuron. phasic nature of the transplanted nerve is seen by the relatively large number of sprouts in the complex axons, from as few as 10 sprouts in the smaller axons to as many as 50 in the larger axons ( Fig. 2A) . Transplanted tonic nerves to the superficial flexor muscle also show evidence of sprouting in the form of complex axons (Fig. 2C ) compared with the native tonic nerve (Fig. 2D ), but are characterized by far fewer sprouts (between 4 and 8) compared with the transplanted phasic nerve. These same phasic motor neurons grown in culture typically sprout four to five times as many branches as their tonic counterparts (Arcaro and Lnenicka 1995) , a difference most likely caused by differences in target area between phasic and tonic motor neurons. Another feature that suggests the phasic nature of the regenerating nerve is its relatively thin glial sheath ( Fig. 2A) , similar to that of the native phasic nerve (Fig. 2B ) but very different from that of the regenerating or native tonic (Fig. 2, C and  D) nerve where it is considerably thicker (Krause et al. 1996) . Therefore the allotransplanted phasic nerve retains its character during regeneration on the superficial tonic muscle.
The transplanted ganglia also showed structural integrity, FIG . 1. Superficial flexor muscle in an abdominal segment of crayfish as electron microscopy revealed nucleated cell bodies, charis normally innervated by tonic motor neurons whose axons travel in a thin acteristic of motor neurons from intact ganglia, blood vessels branch of the 3rd root of the ganglion. Cutting this nerve denervates the muscle and allows the newly transplanted phasic branch of the 3rd root to and lacunae indicative of vascularization, and healthy lookregenerate and form new innervation. The phasic nerve is transplanted along ing neuropil with dendritic profiles with synaptic contacts with its 3rd ganglion as well as the 4th ganglion and the intervening nerve and clear and dense vesicles, similar to our previous findings cord to increase the probability of reinnervation. The transplanted nerve with tonic transplants (Krause et al. 1996) . Within the musregenerates onto the muscle dorsal surface where it is stimulated to test for reinnervation while recording intracellularly from muscle fibers.
cle there were well-formed motor nerve terminals that were populated with clear, round synaptic vesicles characteristic of excitatory axons and that contained synaptic contacts with stark contrast with the branches of the intact phasic nerve presynaptic dense bars or active zones. The muscle fibers (Fig. 2B) , which normally shows distinct single profiles, retained their tonic identity judging from the high thin-toeach surrounded by a glial sheath indicative of single motor thick myofilament ratio (8-12 thin filaments surrounding a neurons. The numerous smaller profiles of the complex axsingle thick filament) and relatively long (ú6 mm) sarcomons of the regenerated nerve indicate sprouting of the axon ere length. Thus electron microscopic examination suggests similar to that found in crayfish limb motor neurons (Kennedy and Bittner 1974; Nordlander and Singer 1972) . The that transplanted motor neurons remain alive, regenerate 1, 2, and 3) , denoting innervation by three axons; the 3rd one in A is 25 mV, whereas the 3rd one in B gave an attenuated active response (arrow) that caused contraction of the muscle fiber, dislodging the recording electrode (double arrow). C: comparison of amplitude distribution of EPSPs in the tonic superficial flexor muscle fibers from transplanted tonic (open bars: 103 EPSPs from 7 preparations) and transplanted phasic (filled bars: 102 EPSPs from 6 preparations) nerves. Allotransplantation of the phasic nerve is that described in the text, whereas a second set of animals was used for allotransplantation of the tonic nerve. Bars Å 5 mV, 1 ms. their axons via sprouting to the host muscle, and form neuro-the transplanted tonic axons. Because initially large EPSPs are typical of the native phasic axons to the deep flexor muscular synapses.
muscle (Kennedy and Takeda 1965a) , our findings strongly The nature of the synaptic connections formed by the indicate that the transplanted phasic axons regenerated pharegenerating phasic nerve was examined with electrophysiolsic synapses on a tonic muscle. ogy. Electrical stimulation of the regenerated nerve gave Convincing proof of the phasic nature of these synaptic rise to EPSPs in the impaled muscle fibers, demonstrating connections was that these EPSPs were large enough, 20-functional innervation by the transplanted nerve. Eight out 25 mV (Fig. 3A) , to trigger an active response (Fig. 3B ), of 10 transplants showed EPSPs with stimulation of the rewhich is the equivalent of an action potential in crustacean generated nerve (Fig. 3, A and B) . Clearly, muscle reinmuscle fibers (Atwood 1976) . These active responses also nervation by the transplanted nerve was highly successful.
led to a brief (twitch) contraction in a few muscle fibers. Moreover, reinnervation was fairly comprehensive, as the Active responses are not normally triggered by the small majority of fibers tested showed an EPSP. Thus out of 63 tonic EPSP, although they may occasionally be generated fibers tested in 8 preparations only 4 lacked an EPSP, i.e., by firing of the largest of the tonic axons (Evoy et al. 1967 ), 6%, and these were found in only 2 preparations.
nor is twitch contraction of the muscle fibers seen in the The tested fibers were innervated usually by two to three superficial flexor muscles; both active responses and twitch axons, judging from increments in EPSP amplitude elicited contraction characterize the normal phasic deep flexor musby increasing stimulus intensity to the regenerated nerve cle (Kennedy and Takeda 1965a) . The electrophysiological (Fig. 3, A and B) . This was the case for six of the seven evidence suggests that the transplanted phasic nerve regenerpreparations; a single preparation showed innervation by a ates phasic-type synapses on a tonic muscle. lone excitatory axon, and we were not able to detect innervation by an inhibitory axon in any of the preparations. Innervation of these tonic muscle fibers by two to three trans-D I S C U S S I O N planted excitatory axons is comparable with normal innervation of these muscles (Kennedy and Takeda 1965b) . EPSPs Phasic motor nerve teminals generate large EPSPs with a generated by these transplanted axons showed a wide range single stimulus, but these depress with repetitive stimuli, in amplitude, from 0.5 to 25 mV, although ú60% were whereas tonic terminals have an initially small EPSPs, which ú5 mV, and ú35% were ú10 mV (Fig. 3C) . In contrast, facilitate with repetitive stimuli (Atwood 1976) . These two innervation of the superficial flexor muscle by allotrans-properties characterize differences between phasic and tonic planted tonic axons gave considerably smaller EPSPs, rang-synapses (Lnenicka 1991) . Our experiment of mismatching ing from õ0.1 to 9 mV (Fig. 3C ) (Velez and Wyman 1978) . a phasic nerve to a tonic muscle in crayfish shows that the The average amplitude of the regenerated phasic EPSP was transplanted phasic motor neuron regenerates nerve termi-8.01 { 7.08 (SD) mV (n Å 102) compared with the regener-nals that give rise to large EPSPs with a single stimulus. ated tonic EPSP, which was 2.3 { 1.41 mV (n Å 103). Thus for the initial release of transmitter, our results suggest Thus EPSPs were significantly larger (P õ 0.0005, Student's that synapse specification is governed largely by the neuron, not the muscle. t-test) from the transplanted phasic axons than those from J010-8RC / 9K2b$$AU11 07-18-98 11:17:57 neupa LP-Neurophys
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